PZT ceramics can emit a high electric field externally if surface charges are removed. For this study, the PZT surface charges were removed by heating. Then the electret microphones laminated with electrodes, insulation films, and a PZT element (disk) were prepared. Several contact conditions between laminated layers were examined to elucidate their influence on the microphones' sensitivity. The fabricated samples showed the same level of output ( ∆V out ) as a commercial electret microphone (sensitivity: 5.6 mV·Pa -1 [-45dB]), although the vibration amplitude of the fabricated samples was much smaller than that of the commercial microphone. The output measurement of laminating films under several conditions revealed that the interface gap between the layers had an important role in increasing the output. That of the fabricated samples, however, was degraded because of insufficient removal of surface charges and/or poor insulation properties. Furthermore, the output was temporarily decreased during heating between 50 and 180°C, but recovered after cooling to room temperature. Such behavior is explainable according to the pyroelectricity of PZT.
Introduction
Electret Condenser Microphones (ECMs) have been used in many applications because they are inexpensive, small, and require no polarizing voltage (1) . They have a structure of a capacitor consisting of a diaphragm (front electrode), a spacer ring, and a back electrode; an electret polymer film is attached to either of them, as shown in Fig. 1 . An electric field is emitted from the electret film in the capacitor. Then the motion of the diaphragm resulting from a sound is picked up as a variation of electric voltage across the capacitance. The output voltage from the ECM, ∆V out is expected to be directly related to the vibration amplitude of the diaphragm ∆w g , as
where E g is the electric field in the gap generated by the electret film, as shown in Fig. 2 .
Actually, E g is limited below the electrical breakdown strength in the gap, it is ca. 3 MV/m in air. Figure 3 shows that the diaphragm in ECM is deflected by the electrostatic force generated by the electret film because a spacer ring retains the rim of the diaphragm. Consequently, the electric field in the gap is concentrated at the center of the diaphragm. Such a concentration of the electric field triggers the air discharge, which causes a degradation of E g , followed by the decrease in ∆V out . Hence, a very thin film is used as a diaphragm for conventional ECM to obtain high sensitivity because thinning a diaphragm decreases the stiffness followed by the increase in ∆w g . Lower stiffness, however, results larger deflection of the diaphragm followed by more concentration of the electric field. Thereby, the maximum allowable sound pressure of the ECM is limited to less than 500 Pa (150 dBspl) for ordinary ECMs because it depends on the stiffness of the diaphragm. Figure  3(b) shows that the diaphragm would not be deflected by the electrostatic force.For that reason, the electric field in the gap would not be concentrated if the gap in an ECM were filled with the insulation layer without using the spacer ring. In this case, ∆w g is inversely proportional to the elastic storage modulus of the insulation layer, ′ S g as
where w g and ∆σ d respectively denote the insulation layer thickness and the amplitude of pressure change applied to the diaphragm. Regarding the sensitivity ( ∆V out ) of commercial ECMs, 1 mV·Pa -1 (-60 dB) or more is required for adequate sensitivity (2) , (3) .
According to Eqs. (1) and (2), ′ S g is expected to be less than 300 kPa when E g is 3 MV·m
and w g is 100 µm. It is very difficult to obtain materials with such a low storage modulus because most high-porosity polymer films have a storage modulus higher than 1 MPa (4) .
Another idea is to laminate a diaphragm and an insulation layer without bonding. The real contact area at the interface is much smaller than the apparent contact area because of the existence of the surface roughness of the diaphragm and the insulation layer, as shown in Fig.  4 (a) (5) , when a diaphragm is contacted with an insulation layer under dry conditions. In this case, it is possible to obtain low interface stiffness at the micro-gap between the diaphragm and the insulation layer.
On the other hand, higher E g followed by higher ∆V out could be generated by the elecret with higher polarization. Ferroelectric ceramics such as barium titanate and lead zirconate titanate (PZT) are known to have enormous spontaneous polarization (9) , (10) . The polarization directions of the grains in polycrystalline ferroelectric ceramics can be oriented in the same direction by poling treatment. Most poled ferroelectric ceramics, however, do not emit an external electric field because the electric charges attach to the surface and compensate for the electric field generated by the ferroelectric bulk. Consequently, the removal of the surface charges is necessary to obtain the ferroelectric electret which emits a high electric field outside. The temporary degradation of polarization in a ferroelectric bulk is one idea for the removal of the surface charges. The polarization is temporarily decreased as the temperature is increased because a poled ferroelectric bulk shows pyroelectricity as well as piezoelectricity when a poled ferroelectric bulk is heated below the Curie temperature. Thereby, the excessive surface charges corresponding to the decrease in the polarization can be removed by contact with a grounded electrode. After removal treatment, polarization is restored by cooling and the electric field is emitted outside by the amount of the polarization, which can not be compensated by the remaining surface charges. In this study, PZT ceramics were used for the ferroelectric electret microphone because spontaneous polarization of PZT bulk is usually greater than 0.1 C·m -2 , which should be sufficiently high to emit a high electric field externally. The electret microphones laminated with electrodes, insulation films, and a PZT element (disk) were prepared. Several contact conditions between laminated layers were used to investigate the influence of the contact condition on the microphones' sensitivity. Subsequently, the possibility of an electret microphone using ferroelectric ceramics was examined.
Theory of Electret Condenser Microphone using Laminated Insulation Layers and Poled Ferroelectric Ceramics
For the simple case, we shall consider the contact between a plane and a nominally flat surface covered with numerous asperities, which have spherical summits with the same radius r and height, as shown in Fig. 4(b) . The contact pressure σ can be expressed in terms of the displacement w as (5) the following.
In those equations, n represents the density of contact points, S d and S g are the elastic modules and ν d and ν g respectively signify the Poisson's ratios of the diaphragm and the insulation layer. Using Eqs. (3) and (4), ∆V out is expressed as (Appendix)
where e g is the dielectric constant of the gap. The sensitivity of the ECM with the interface gap between the diaphragm and the insulation layer is therefore enhanced with the increase in the E g when n and r are constant. However, E g is limited below the electrical breakdown strength, usually 3 MV/m in air, as described above. On the other hand, the electrical breakdown characteristics of a gap are a function of the gap length: that function is known as Paschen's law, whereby the electric field strength increases concomitantly with the decrease in the gap length until the gap length is microscopic (6) . Torres and Dhariwal reported that Paschen's Law was not applicable for micro-gaps (7) , but their experimental results revealed that the electrical breakdown strength in air was still greater than 100 MV·m -1 when the gap length was 1.5 µm. It is possible to obtain such a small interface gap between the diaphragm and insulation layer according to the control of surface profile, e.g. surface roughness, thereby drastically enhancing E g . The increase in the polarization of the electret, however, is necessary to increase E g because the electret is the source of E g . The ECM, as depicted in Fig. 3 (b), can be regarded as two capacitors which are connected in series. One consists of the electret and another the insulation layers including the interface gap. In this case, because the total voltage of the two capacitors must be zero, the amplitude of voltage across each capacitor, V g , is equal and the polarity is opposite as
where q d is the charge density at the diaphragm, q a is the apparent polarization (charge density) of the electret, and where C e and C g respectively signify the capacitance values of the electret and insulation layer. Then, the electric field in the electret and the gap, E e and E g , are expressed respectively in terms of their charge density and dielectric constant as the following
where e e is the dielectric constant of the electret. The amplitude of voltage across the gap equals that across the electret. Therefore, E g must satisfy the following condition:
where w e is the electret thickness. Using Eqs. (7), (8) , and (9), q a must satisfy the following condition.
The electret polymer films used in commercial ECMs are obtained by corona-charging. It is quite difficult to achieve higher polarization than 45 µC·m -2 (8) . The E g is less than 5.1 MV·m -1 , which is slightly higher than the electrical breakdown strength in the macroscopic air gap if q a is 45 µC·m -2 and e g is the dielectric constant of vacuum. The corona-charged film therefore generates an insufficient electric field at the interface gap to enhance E g . On the other hand, ferroelectric ceramics such as barium titanate and lead zirconate titanate (PZT) are known to have enormous spontaneous polarization (9) , (10) . After the removal treatment as mentioned in §1, q a is the difference between the polarization of ferroelectric bulk, q f , and the density of the remaining surface charge, q s as
If e g is the dielectric constant of vacuum, q a must be greater than 1.8 mC·m -2 to obtain 100 MV·m -1 for E g , according to Eq. (10). Most ferroelectric ceramics show much higher spontaneous polarization than this value, which can not be obtained by corona-charging.
Experimental Procedure
Commercial PZT (C6; Fuji Ceramics Corp.) was used for experiments. Several 2-mm-thick poled PZT disks of 50 mm diameter were prepared as specimens. The poling direction was axial; the electrodes were attached for poling and removed after poling by polishing. First, the electric volume resistivity of prepared PZT disks was examined using a megger (SM-8220; Hioki) according to ASTM D257 (main electrode diameter, 19.6 mm).
Then, the poled PZT disk was sandwiched between top and bottom electrodes, put on a hotplate, and pressed by a weight under 10 kPa. Subsequently, the sample was heated to 180°C on a hot plate. During heating, the electric current between the electrodes was measured by the recorder (internal resistance, 1 MΩ) (the electric current was generated by excessive surface charges corresponding to the temporary decrease in a polarization caused by pyroelectricity of the PZT). After 10 min holding at 180°C, the weight and the top electrode were removed and the electrode and insulation layers were laminated. Materials and thicknesses of the laminated layers are listed in Table 1 . Then, the sample was removed from the hotplate and pressed using a weight (stainless steel) under 10 kPa. Subsequently, the sample was rapidly cooled to room temperature in air. The laminating order and the direction of the emitted electric field in the samples are depicted in Fig. 5 . All layers except for the acrylic heat seal tape were laminated without bonding (dry contact). Some specimens of sample B were examined for discharging tests to measure q a . The sample was put on a grounded electrode, the laminated films were removed and another electrode to which resistors (6 MΩ) were connected in series was pressed manually on the top of the sample. Then the discharge current was recorded during pressing. Both electrodes were made using a conductive rubber sheet and of 30 mm diameter.
The characteristics of the fabricated samples as a microphone were examined using the measuring system portrayed in Fig. 5 . Continuous acoustic waves with frequencies of 20 Hz to 10 kHz were generated using a voice coil speaker (diameter, 50 mm) and irradiated to the samples. The signal outputs of the samples against the acoustic waves were recorded through an FET amplifier. A laser displacement meter (LK-G15; Keyence Co.) was used to measure vibration of the top layer when the frequency of irradiated acoustic waves was 1 kHz. The laser was focused on the surface at the center of the top layer (spot size is 20 µm) and the displacement was measured with a sampling rate of 10 kHz using trigonometry; 5,000 measured data were averaged to obtain a resolution of 20 nm. Furthermore, the temperature dependence and heat resistance of sensitivity of the fabricated samples were investigated. The samples were mounted, heated on a hot plate and examined to measure the signal outputs against acoustic waves of 1 kHz frequency after 30 min at temperatures of 100, 150, and 180°C. Other samples were annealed in an electric furnace at 100, 120, 140, 160, and 180°C during a day, then cooled to room temperature. The degradation of the sensitivity was investigated. 
Results and Discussion
Heating temporarily decreased the polarization of PZT, q f , followed by the generation of excessive surface charges, as shown in Fig. 6 . The excessive surface charges increased concomitantly with temperature, reaching 0.077 C·m -2 at 180°C. If the polarization were restored completely by cooling after removal of the excessive charges and no discharging were to occur, the q a after annealing at 180°C could be expected to reach 0.077 C·m -2 and the electric field in the gap (insulation layers including interface gap), E g , would be extremely high according to Eq. (10). However, E g corresponds to E e through Eq. (9); the maximum value of E e is limited to the value of the coercive field of PZT because the polarization of PZT will be reversed if E e is stronger than the coercive field. Ultimately, the maximum value of E g is also restricted by the coercive field of PZT. The discharge measurement of the fabricated samples 1 min after cooling revealed that the discharging voltage generated from the PZT electret disk was 600 V, as shown in Fig. 7 : E e was 300 kV·m -1 . Consequently, the E g in the fabricated samples is expected to be between 2 and 12 MV·m -1 according to the thickness of the gap, w g , as shown in Table 1 . Furthermore, excellent insulation properties are required for the electret built in a microphone to maintain its q a . Figure 8 shows the volume resistivity behavior with time when 1 kV was applied to the PZT disk. The volume resistivity of the PZT disk used in this study was initially not so high, but it increased with time. According to the least squares approximation line portrayed in Fig. 8 , the leakage current (A·m -2 ), J was estimated as the following. Therein, t is the discharging time. The leakage current causes the increase in q s followed by the decrease in q a . The experimental discharging behavior agreed well with the predicted line from Eq. (12), as shown in Fig. 9 , where the initial q a was assumed to be 0.037 C·m -2 . The discharge density due to leakage current for a decade at E e =300 kV·m -1 is estimated as 0.053 C·m -2 from Eq. (12). The PZT electrets fabricated in this study, therefore,
did not obtain sufficient q a for long use because the initial q a was lower than the discharging density for a decade. To overcome this problem, ferroelectric ceramics with higher spontaneous polarization and/or higher electric insulation than that in this study might be used in future studies along with better removal of surface charges by bringing the heating temperature closer to the Curie temperature. For example, Iwasaki et al. reported that the spontaneous polarization of LiTaO 3 decreased by 0.12 C·m -2 from 30°C to 450°C (11) .
Furthermore, the examined LiTaO 3 is expected to have higher insulation properties than the PZT in this study because it was high purity single crystal. Figure 10 shows the waveforms of the signal output, ∆V out and the displacements of the surface of layer 1 and the diaphragm in the sample B (5 min after fabrication) and a commercial ECM (sensitivity: -45 dB [5.6 mV·Pa -1 ]; Hosiden Corp.), respectively. The displacement of the surface of layer 1, ∆w g in sample B, was much lower than that of the diaphragm in the commercial ECM, although no difference in ∆V out exists. This result and
Eq. (1) reveal that the electric field in the gap of sample B was much higher than that in the air-gap of the commercial ECM. Nevertheless, it remains quite difficult to determine the actual values of ∆w g and E g in sample B because the resolution of the laser-displacement-meter was 20 nm, as described in experimental procedures. Furthermore, the surface of the thick aluminum plate (thickness was 10 mm) was measured several times using the measuring system depicted in Fig. 5 . The measured value of the displacement was 5-26 nm, although the surface vibration of such thick plate is expected to be negligible. The background noise of the measuring system used in this study was therefore not negligible and the measured value by the laser-displacement-meter was useful only for qualitative discussion. and E were nearly 60 mV, which was the same level as that of commercial ECM (sensitivity: 5.6 mV·Pa -1 [-45dB]). Samples C, F, and G showed lower ∆V out than the others. Sample C had a much thicker aluminum layer for layer 1 than other samples. Therefore, the vibration of the layer 1 is expected to be restricted by its mass. For sample F, the interface between layer 1 and layer 2 was conductive. Consequently, no electric field was generated in the interface gap. For sample G, the interfaces were bonded by adhesive and the interface stiffness is much higher than that when the layers were laminated without bonding. Most of deformation for all samples except for sample G should be occurred at the interface gap between layer 1 and layer 2 because sound transmission coefficient through dry contact face (the interface between layer 1 and layer 2) is much lower than that through bonded face. These results therefore support the model under which the interface gap between layer 1 and layer 2 makes the insulated micro-gap a dry contact, has low interface stiffness, and enhances ∆V out . Figure  12 portrays the degradation of ∆V out for sample D over time. The value of ∆V out was apparently degraded and fell to 35 mV after 3 days. Such a rapid degradation was caused by the insufficient removal of surface charges on the PZT disk by heating and/or poor insulation properties. It is expected that the degradation of ∆V out might be improved if LiTaO 3 single crystal is used, as explained above. It is noteworthy that the samples in this study had been pressed under 10 kPa during fabrication. For that reason, the maximum allowable sound pressure level is expected to be higher than 10 kPa (174 dBspl). which can not be gained using the electret microphones, except for the highest class of instrumental microphones. Figure 14 portrays the temperature dependence on ∆V out of sample D. The ∆V out of the fabricated samples was degraded concomitantly with the increase in temperature: q f is decreased because of the pyroelectricity of PZT, with a subsequent decrease in q a and E g through Eqs. (10) and (11) . It is very difficult to eliminate such temperature dependence at high temperatures, but it is possible to inhibit it using PZT with low pyroelectricity. On the other hand, the ∆V out at room temperature was more stable than the commercial ECM when they had experienced heating, as shown in Fig. 15 . The ∆V out of the commercial ECM by heating between that of sample D and that of a commercial ECM. Here, rh signifies the ratio of signal output of the sample at room temperature after heating to that before heating. dropped by heating by more than 150°C for a day because the insulation properties of polymer electret were degraded by heating and the leakage current, then q s , was increased. The fabricated samples in this study also are expected to show identical behavior, but the increase in the leakage current was much smaller than that of the commercial ECM because q f of the PZT disk was temporarily decreased as a result of pyroelectricity during heating, with subsequent decreases in q a , E e , and the leakage current through Eqs. (10), (11) and (12). Ultimately, the influence of heat history on ∆V out of the fabricated samples was slight, although ∆V out was temporarily decreased during heating.
Conclusions
Electret microphones laminated with electrodes, insulating films, and a PZT disk were prepared. Using them, the possibility of constructing an electret microphone using ferroelectric ceramics was investigated. (3) The ∆V out of the fabricated samples was decreased temporarily during heating between 50°C and 180°C, but recovered after cooling to room temperature.
Consequently, the ∆V out at room temperature was more stable than the commercial ECM when they had experienced heating. Such behavior can be explained according to the pyroelectricity of PZT.
Appendix: Derivation of Eq. (5)
In the case of the ECM, σ corresponds with the electrostatic stress σ e that acts on the diaphragm. The σ e is generated by E g (the electric field in the insulation layer including the interface air gap) as σ e = q d E g .
( A 1 )
Now, we consider that the interface gap between the diaphragm and the insulation layer is a thin parallel capacitor filled with air. In addition, σ e is expressed in terms of E g and the dielectric constant of the gap e g as
